Abstract Fragility fractures of the pelvis are common and the incidence is increasing with the aging population. The primary risk factor is osteoporosis. Diagnosis is challenging and advanced imaging with computed tomography (CT), bone scintigraphy, and magnetic resonance imaging (MRI) is helpful. These injuries result in significant morbidity, including prolonged hospitalization, immobility, and loss of autonomy in previously active patients. The mortality rate is high, similar to hip fracture patients. This problem is underappreciated and deserves attention. An opportunity exists to improve outcomes with medical and surgical management.
Introduction
"Fragility fractures" of the hip, vertebrae, and wrist are widely recognized. These fractures typically result from a low energy trauma such as a fall. Severely osteoporotic bone can fail simply due to lack of osseous architecture and these "insufficiency" fractures may occur in the absence of trauma. Fractures afflicting the osteoporotic pelvis have recently gained interest due to their increasing incidence, which parallels the age of the general population. Many of these patients suffer fragility fractures as a result of a fall from standing, while others present with assumed insufficiency fractures of the sacrum and report no traumatic event.
These fractures deserve attention as they lead to a decrease in mobility with an increase in dependency, and are associated with a high rate of mortality [1•, 2, 3, 4•]. We aim to deepen the understanding of the epidemiology, risk factors, mechanism of injury, treatment, and outcomes of osteoporotic pelvic fractures.
Epidemiology
Fragility fractures of the pelvis (fractures occurring in patients > 65 years of age after low energy falls) are remarkably common. Pelvic fractures represent 7 % of all osteoporosis related fractures in people >50 years of age in the United States, and account for 5 % of the total cost burden [5] . Although there is more published data on high-energy unstable pelvic ring injuries in young patients, Kannus et al point out that the majority of pelvic fractures today have an osteoporotic origin. They note that 64 % of all pelvic fractures are osteoporotic fractures, and in patients age >60 years, the percentage increases to 94 % [6•] .
The incidence of pelvic insufficiency fractures is increasing and is age-related. Melton et al from the Mayo Clinic reported on the incidence of pelvic fractures over a ten-year period (1968 to 1977) . The incidence of pelvic fractures sustained via low energy trauma, such as a simple fall from standing, rose exponentially in both men and women as they aged. For men aged 55-74, the incidence of low energy pelvic fractures was 7/100,000 person-years. This rate increased to 63.9/100,000 person-years in men 75 years and older and to 220.3/100,000 person-years in those older than 85. For women, the rate increased from 56.9/100,000 person-years for the age group 55-74, to 249.5/100,000 person-years in those 75 and older, and to 446.3/100,000 person-years for women over the age of 85 [7] . Kannus et al reported a similar increase experienced in Finland. These authors report that the incidence of osteoporotic pelvic fractures has increased an average of 23 % per year over the last three decades for both men and women >60 years of age and 54 % per year in women >80 years of age. Based on data from the last 30 years, they predict that the current number of osteoporotic pelvic fractures will triple by the year 2030 [6•] . A combination of a true increase in incidence as well as an increase in awareness with improvements in diagnosis may be contributing to these reports; however, the alarming numbers point to an important public health care problem.
Risk factors
Patients with pelvic insufficiency fractures have an underlying diagnosis of osteoporosis [8] . In general, the difference between patients with sacral insufficiency fractures and hip fractures is the severity of osteoporosis. Of 115 patients with pelvic fractures evaluated by Morris et al, 93 % had a Singh index of four or less, consistent with osteoporosis [4•] . This is compared to 67.9 % of patients with femoral neck fractures and 8.9 % of controls in a study by Pogrund et al [9] .
Prior internal fixation of the proximal femur and hip arthroplasty are risk factors for pelvic insufficiency fractures. These factors often indicate osteoporosis and prior hip fracture, both of which are independent risk factors for future insufficiency fracture. Also, a fall onto a previously stabilized or replaced hip results in injury force transmission to the pelvis and sacrum, resulting in a "lateral compressive" injury (see below for fracture patterns). Both lower lumbar arthritis and scoliosis have been associated with sacral insufficiency fractures and sacral nonunions. Gotis-Graham reported on 20 patients with sacral insufficiency fractures. Seven of them had lumbar scoliosis, with the sacral fracture opposite the convexity of the curve in five of these patients [10] . We postulate that scoliosis creates an iliac prominence such that the fall from standing results in impact to the ilium (rather than the greater trochanter), and a lateral compressive type pelvic injury (rather than hip fracture). Lumbar spine stiffness secondary to arthritis results in force transmission to the upper sacral segments, increasing the motion experienced in this region in a way that may be detrimental to fracture healing.
Fracture classification
Pelvic insufficiency fractures are the result of normal physiologic stress on abnormally weak bone and do not always fit into traditional classification schema. They are almost exclusively sacral fractures and can be further divided by Denis [11] . Furthermore, there are a disproportionately high number of cases that cross the midline and fall into the "H" or "U" shaped categories.
Using the classification of Young and Burgess [12] , many of these injuries appear as lateral compression (LC) injuries. In fact, LC injuries are five times more common than anterior-posterior compression (APC) injuries in the elderly [13] . Typically the patient falls from standing onto their side, resulting in a laterally based force on the pelvis. A compression fracture to the ipsilateral sacrum occurs, the hemipelvis internally rotates, and the pubic and ischial rami fracture in a "horizontal" nature. The internal rotational displacement/deformity is rarely severe in the elderly patients, and the diagnosis is made based on the radiographic appearance of the rami fractures, as the sacral fracture is very difficult to appreciate radiographically.
A vertical shear injury pattern is often recognized as well. An axial stress, if the patient falls directly on their coccyx/ sacrum, or simply "sits too hard," results in unilateral or commonly bilateral sacral fractures that run parallel to the SI joints in a "vertical" pattern. When bilateral, these fractures commonly "connect" with a horizontal injury resulting in an "H" or "U" shaped appearance [14, 15] . In a large anatomical and biomechanical study of sacral insufficiency fractures, the most common pattern identified was the "H" shaped pattern with bilateral vertical Denis Zone I sacral fractures along with a transverse component, crossing through the lower portion of S1 or upper portion of S2 [16] . Multiple authors have recognized this pattern, citing it is diagnostic of sacral insufficiency fractures [17] [18] [19] [20] . These fractures may occur with any combination of ramus fractures (unilateral, bilateral) and may present without an anterior ring injury. Although these fractures can present without notable deformity, one must always check for sagittal plane displacement in the presence of bilateral sacral injuries. It is not uncommon for these injuries to be missed on the AP pelvis with a typical kyphotic or lordotic displacement through the transverse fracture (seen only on the sagittal CT reconstructions), which can result in cauda equina syndrome.
Mechanism of injury
Low energy falls are responsible for the majority of pelvic insufficiency fractures; however, up to two-thirds have been noted to occur in the absence of trauma [8] . In a large series of consecutive elderly patients with osteoporotic ramus fractures, Hill et al reported the mechanism of injury as simple falls in 87.4 % of the cases, with over half of these falls occurring at home [1•]. Similarly, Morris et al noted that 83 % of the closed pelvic fractures in their series were the result of falls from standing, walking, or transferring [4•] . Simple falls also accounted for 86.6 % of the pelvic insufficiency fractures studied by Taillandier [2] and 89 % of the pelvic fractures studied by Breuil [3] . Many elderly patients sustain femoral neck or intertrochanteric hip fractures as a result of falls, but many patients who sustain fragility fractures have previously fractured their hips and have implants protecting the proximal femur.
Diagnostic imaging
All patients presenting with pelvic or sacral pain should undergo thorough radiographic evaluation. AP, inlet, outlet, and Judet radiographs are appropriate for initial evaluation of the pelvis and acetabulum. The pelvic films can be especially difficult to interpret. As is the case for young patients, overlying bowel gas and bladder contrast commonly obscure visibility of the sacrum and posterior pelvis. The diagnosis of the insufficiency fracture is especially challenging with plain films, due to the osseous demineralization associated with the severe osteoporosis, as well as the general lack of displacement associated with these injuries (Fig. 1a) . For these reasons, only 20-38 % of sacral insufficiency fractures are identified on plain radiographs, and many of those are missed on initial evaluation [21] . Frequently, the pubic rami fractures are the only observed disruption. However, studies have shown these fractures do not occur in isolation [22] , and when noted in the elderly patient, further imaging should be performed to look for the sacral injury. We recommend advanced imaging of any patient presenting with severe osteoporosis, pelvic pain (with or without trauma), and inconclusive or negative pelvic radiographs.
Bone scintigraphy with technetium-99m medronate methylene diphosphonate (Tc-99m-labeled MDP) has a reported sensitivity of 96 % and positive predictive value of 92 % [21] . The classic "H" shaped pattern may be visualized with this imaging modality. As noted in a metaanalysis by Finiels et al, this classic "H" shaped pattern is evident in about 42.7 % of cases [23] . Multiple variations have been reported including bilateral alar uptake with a partial horizontal bar, bilateral alar uptake, unilateral alar uptake with a horizontal bar, unilateral alar uptake, and a horizontal linear dot pattern in the inferior sacral body [19] . In a case review by Gotis-Graham et al, bone scans were positive in the entire cohort of 20 patients, while CT demonstrated a fracture or evidence of sclerosis in seven of 12 patients, and plain radiographs demonstrated sclerosis in only four of 20 patients [10] . Peh et al reported positive bone scans in 21 of 22 patients with documented sacral insufficiency fractures, while CT identified fractures in only seven of 22 patients [24] .
The diagnostic capacity of CT has improved markedly over the last two decades and, in our practice, is used to further evaluate any patient suspected of having a sacral insufficiency fracture. Fine-cut axial CT imaging with coronal and sagittal reconstructions aids in visualizing the full extent of fracture lines, the osseous architecture, and the displacement (Fig. 1b, c) . Subtle injuries to the posterior pelvic ring missed on plain radiographs can be more clearly identified. Vertical fracture lines and bony sclerosis may be seen parallel to the sacroiliac (SI) joints. The horizontal component to the fracture, often seen along with the vertical fracture lines that create the classic "H" shaped pattern, is best seen on the coronal reconstruction. The sagittally reconstructed images ("lateral") are critical in evaluating these injuries to identify the typical dorsal or ventral displacement that can occur and cause cauda-equina syndrome. In addition, CT scans help to differentiate insufficiency fractures from metastatic disease, primary bone or soft tissue tumors, or osteomyelitis, all of which give the same appearance with scintigraphy.
MRI has a similar sensitivity to bone scans and can detect sacral insufficiency fractures soon after symptoms develop. On standard MRI evaluation of sacral insufficiency fractures, T1 images demonstrate low signal intensity while T2 images demonstrate high signal intensity, consistent with marrow edema. The imaging sequences most sensitive for the detection of marrow edema associated with sacral insufficiency fractures are T2 short tau inversion recovery (STIR) sequences and T2 images with fat suppression [20] . Marrow edema caused by sacral insufficiency fractures can usually be differentiated from that caused by metastatic disease. Cabarrus et al evaluated the ability of MRI and CT to detect insufficiency fractures of the pelvis and proximal femur.
In our practice, we find that plain films are important in the initial work-up of patients with osteoporosis and pelvic pain; however, plain radiography is never sufficient to fully understand the injury, and many injuries are missed without advanced studies. CT scanning is part of our routine radiographic protocol in the diagnosis of pelvic insufficiency fractures and includes 1.3 mm axial cut acquisition, and Known sacral insufficiency fractures were identified in only 50 of 67 patients (74.6 %) using CT scans, while MRI detected 100 %. Similarly, 65.5 % of pubic fractures were found using CT scans, while MRI again detected 100 % [25] . In a series of 50 consecutive elderly patients with pubic rami fractures, Cosker et al evaluated the pelvic ring with MRI and 45 of the 50 patients had associated vertically-oriented compression fractures of the sacrum [26] . In the majority of cases, the pubic rami fracture and sacral injury were ipsilateral. This is consistent with common patterns of injury. With a sensitivity approaching that of bone scans, MRI is helpful in the diagnosis of sacral insufficiency fractures.
coronal and sagittal plane reconstructed images. If the initial protocol does not identify an injury, we proceed to MRI scanning, which is highly sensitive and specific. We have replaced bone scans with CT and MRI, which together are highly diagnostic, give information regarding the osseous anatomy, and allow for surgical planning when considered.
Nonoperative treatment and outcomes
Currently, nonoperative management consists of rest, analgesia, and physical rehabilitation and this form of treatment, or lack thereof, is reflected in the outcomes reported.
Immobility has been associated with serious complications; notably, decreased muscle strength, deep venous thrombosis (DVT) and pulmonary embolism (PE), postural hypotension, decreased cardiac function, urinary retention and calculus formation, constipation, pressure ulcers, impaired pulmonary function resulting in pneumonia, and bone resorption with worsening osteoporosis. In addition to this physiologic dysfunction, immobility precipitates psychologic dysfunction including anxiety and depression [27] .
The average number of days in the hospital following sacral insufficiency fracture is high. Across several series, the mean acute inpatient stay ranged from 9.3 to 45 days, with a minimum of one day and a maximum of 130 days [1•, 2, 3, 4•]. The length of stay was longer for patients who were not self-sufficient prior to fracture [2] .
Patient autonomy is significantly impacted by sacral insufficiency fractures. There are several reports suggesting that patients experience a minimal change in independence and have limited pain following sacral insufficiency fractures [10, 28] . However, most published series indicate a significant change in post-injury ambulatory status as well as chronic pain after conservative management of these injuries. Hill et al reported on the five-year survival in a series of 286 consecutive patients with pubic rami fractures. At final follow up, 139 patients were still living and only 51.1 % were independently mobile, while 38.8 % were using walking aids and 10.1 % were wheelchair bound or immobile [1•]. This decline in mobility had a commensurate increase in social dependency. Morris et al also found a significant impact on the mobility status and dependency following pelvic fracture in a series of 148 patients over age 65. At the time of hospital discharge, 137 patients were still living; none were able to walk independently;, 48.9 % required the use of an aid, and 51.1 % required physical assistance. The 70.9 % of patients able to return to their previous living situation required the support of social services in 84.3 % of cases. The 29.1 % unable to return to their previous living situation became institutionalized[4•]. Of 60 patients over age 65 reviewed by Tallandier et al, 56 had outcome data available at one year. Only 22 patients returned to their baseline functional status, while ten experienced a decrease in function and seven patients died [2] . In another series of 60 patients over age 65 evaluated by Breuil et al, only 31 % of patients returned to their own home at the time of discharge, while 65.6 % required ongoing inpatient care, and 3.4 % were permanently institutionalized. Data was available for 51 of these patients at a mean follow up of 29 months (range 2-58 months) and a loss of autonomy was found in nearly 50 % of the patients [3] . Previously active, independent patients suffer major functional impairment as a result of sacral insufficiency fractures.
The mortality rate of patients with sacral insufficiency fractures is high, similar to hip fractures. In the series by Hill et al, the inpatient mortality rate was 7.0 %. The overall mortality rate at one year was 13.3 % and climbed to 54.4 % at five years. At the five year follow-up, there was no difference in mortality between patients with pelvic fractures and hip fractures [1•]. Morris et al reported a similar inpatient mortality rate of 7.6 %. More striking, however, was the one year mortality rate of 27 % with an annual increase of 10 %, resulting in a three year mortality rate of 50 % [4•]. Breuil et. reported mortality in 37.5 % of men and 18.6 % of women at an average of 29 months following fracture [3] .
Contemporary literature demonstrates that sacral insufficiency fractures result in decreased mobility, increased physical and social dependency, and a high rate of morbidity and mortality. We feel strongly that a more aggressive medical and surgical intervention program can improve these dismal outcomes.
Medical management
Osteoporosis is the primary risk factor for sacral insufficiency fractures and medical management consists of supplementation with calcium and vitamin D, along with antiresorptive or anabolic agents to prevent additional fractures.
Bisphosphonates are antiresorptive agents that inactivate osteoclastic bone resorption, decreasing bone turnover and bone loss [29] . Studies have shown bisphosphonate use results in increased bone mineral density in the spine and hip and decreased incidence of new fractures in patients with osteoporosis [30, 31] . However, these drugs are not without complications, including gastrointestinal discomfort, acute influenza-like illness, renal insufficiency, osteonecrosis of the jaw, and atypical stress fractures.
Recently, attention has been turned to the use of anabolic agents, such as recombinant human parathyroid hormone (PTH), to increase bone mineral density, reduce fracture rate, and improve fracture healing. In a randomized controlled trial, Peichl et al compared PTH 1-84 with placebo in elderly patients with osteoporotic pelvic fractures with a primary end point of fracture healing. PTH 1-84 represents the full-length peptide, as compared to teriparatide or forteo, which is PTH 1-34. Patients with a unilateral pelvic fracture, who were greater than 70 years of age, and who met the WHO definition for osteoporosis with a T-score<−2.5 at the lumbar spine or proximal femur, were included. All patients received supplementation with 1,000 mg of calcium and 800 IU of vitamin D3 daily. In the PTH 1-84 group, fracture healing was noted at 7.8 weeks as compared to 12.6 weeks in the control group (p <0.001). Healing was based on serial CT scans obtained at 0, 4, 8, 12 weeks and at regular intervals until evidence of cortical bridging was noted. The authors conclude that PTH 1-84 can be used to accelerate fracture healing, which may aid in pain relief and patient mobilization, thus decreasing complications related to immobility [32•] .
Medical management is an important component in the treatment of osteoporotic fractures. For the at-risk elderly population, patients with a diagnosis of osteoporosis, and patients with known sacral insufficiency fractures, supplementation with calcium and vitamin D is recommended. The emerging evidence evaluating the role of recombinant PTH in the setting of insufficiency fractures is encouraging. Based on the reported success of recombinant PTH, further research on its clinical applications, effect on bone mineral density, fracture risk, and fracture healing is warranted.
Surgical treatment
Sacroplasty, injection of polymethylmethacrylate (PMMA) into the sacral fracture, has been applied to pelvic insufficiency fractures. This technique has been used in osteoporotic vertebral compression fractures, and is now being applied to the sacrum and, to a lesser extent, the ilium and ramus. The thought is that pain and dysfunction are related to micro motions at the fracture site, and augmentation with PMMA may provide mechanical stabilization and therefore pain relief.
There are several small, retrospective case series reporting clinical success with sacroplasty for fractures. Pommersheim et al [33] reported on three patients and Butler et al [34] reported on four patients. Both lack meaningful follow-up, but reported improvement in patient symptoms. Frey et al reported on a cohort of 37 patients followed for one year and noted improvement in the immediate visual analog scale (VAS) for pain and decreased opioid use with percutaneous sacroplasty [35] . This study is the only published report available with a meaningfully sized cohort, but lacks detail about the cohort's injuries and data collection methodology. Furthermore, given the lack of a control group, these results should be interpreted with caution.
Complications associated with this technique relate to extravasation of the PMMA into the pre-sacral space, spinal canal, sacral foramen, or SI joints, and may result in sacral nerve root or sacral spinal canal compromise, or SI joint dysfunction. Furthermore, a biomechanical analysis by Richards et al demonstrated that sacroplasty does not restore the strength or stiffness of the sacrum, regardless of the volume or location of the cement [36] .
Pelvic surgeons have an opportunity to improve the outcomes of these fractures over the current standard of management. Basic principles of fracture management, including mechanical stabilization, fracture compression, and bone defect management, should be employed.
Matta et al reported on transsacral screw fixation of the posterior pelvic ring, noting that the greater screw length provided more secure fixation, protection against vertical shear stress, and biomechanically sound fracture compression [37] . Gardner and Routt echo these thoughts in their case series, which included patients with osteoporosis and insufficiency fractures [38•] . Particularly in osteoporotic patients, when the sacral body and ala have minimal osseous composition for screw purchase, the screw threads of a long trans-sacral screw placed into the contra-lateral SI joint may allow improved fixation and decreased likelihood of pullout. This has become the mainstay of our surgical management of these patients (Fig. 1d) .
Even with trans-sacral screws, fracture compression poses a significant challenge. The ability to generate compression is dependant on the contra-lateral SI joint and ilium, and in the most severe cases, is insufficiently strong to prevent the screw from stripping as one tightens the head. The transsacral screw technique was modified by Moed et al to include a locking mechanism on the far side of the screw. These authors conclude this is beneficial for bilateral posterior ring injuries as well as in severe pelvic osteopenia, as the locked end prevents screw pullout, regardless of purchase [39] . We create locking bolts with 1x1 cm femoral struts that the 8.5 mm screw threads into to create the same effect. With improved thread fixation following one of these techniques, one must take caution not to overtighten the screw to avoid intrusion of the washer into the ipsilateral ilium.
Our current practice is to offer surgery to patients with either severe pain from acute fractures or non-union/delayed union appreciated in the outpatient setting. Our approach includes an emphasis on fracture reduction in the setting of displacement, mechanical stabilization with trans-sacral lag screw fixation (locked with femoral struts as needed,) and augmentation with either allograft, autograft, or calciumbased bone cements in the setting of severe sacral osseous insufficiency (Fig. 1d) .
Conclusions
The elderly population is rapidly growing and the burden of osteoporosis and fragility fractures is a problem faced by physicians and surgeons across disciplines. The primary risk factor for fragility fractures of the pelvis is osteoporosis. We should maintain a high index of suspicion for sacral insufficiency fractures in elderly patients presenting with low back or pelvic pain following simple falls or little to no trauma, and pelvic X-rays should be accompanied with a CT scan. Advanced imaging with bone scan or MRI is reserved for patients with pain and negative CT scans. The "H" shaped pattern of injury is pathognomonic.
Outcomes of conservative management are poor, with decreased mobility, increased physical and social dependency, and high mortality. All patients should be treated for the severe osteoporosis associated with this injury, and the use of recombinant PTH should be further evaluated. The initial reports of this treatment are very encouraging. Surgical intervention should be further studied and has the potential to allow immediate weightbearing, thus limiting the adverse events associated with immobility and decreasing the acute and chronic pain associated with these fractures.
